Thickness-and temperature-dependent magnetodynamic properties of yttrium iron garnet thin films J. Appl. Phys. 117, 17D119 (2015) Correlation between iron self-diffusion and thermal stability in doped iron nitride thin films Nanocrystalline Fe-X-N thin films (with doping X ¼ 0, 3.1 at. % Al, 1.6 at. % Zr), were deposited using reactive ion beam sputtering. Magnetization study reveals that the deposited films exhibit a perpendicular magnetic anisotropy. Thermal stability of the films was investigated systematically and it was observed that the structural and the magnetic stability gets significantly enhanced with Al doping, whereas Zr doping has only a marginal effect. Fe self-diffusion, obtained using polarized neutron reflectivity, shows a suppression with both additives. A correlation between the thermal stability and the diffusion process gives a direct evidence that the enhancement in the thermal stability is primarily diffusion controlled. A combined picture of diffusion, structural, and magnetic stability has been drawn to understand the obtained results. V C 2014 AIP Publishing LLC.
I. INTRODUCTION
Thin films exhibiting magnetic anisotropy are important for technological applications, such as in magnetic memory devices, and high frequency read-write heads. 1, 2 Often, in thin film state magnetic anisotropy results due to an interplay between magneto-crystalline, shape, and magneto-elastic anisotropies, 3 among these the later has the most significant role in nanocrystalline or amorphous (grain size below ferromagnetic exchange length) thin films. [4] [5] [6] In general, the magnetoelastic anisotropy stems from stresses present in thin films. 3 Stress generation in thin films has been studied widely, and it was found that it plays a significant role in affecting various properties of the material including its structural and magnetic behaviour. 7 Generally, stresses develop in thin films due to creation of defects and vacancies during deposition. [8] [9] [10] Apart from it, internal stresses can also be developed by interstitial species. Relaxation of these stresses can be caused by various post-deposition treatments such as vacuum annealing, ion beam, or laser irradiation. 11 Most importantly, the underlying process that leads to such relaxation phenomenon was a redistribution of constituent atomic species. Therefore, knowledge of atomic diffusion is fruitful in such materials to investigate the underlying mechanism of stress relaxation.
Recently, nanocrystalline iron nitrides (n-Fe-N) have been a subject of intense research for their vital tribological applications, additionally these compounds exhibits excellent soft magnetic properties with a strong perpendicular magnetic anisotropy. [12] [13] [14] Apart from it, iron nitride can be easily fabricated which adds further salutary features in these compounds. n-Fe-N is formed at low nitrogen concentration range <11 at. %, 15 within this range, nitrogen atoms preferentially occupy the interstitial sites which lead to expansion of the Fe lattice. Such expansion generates a significant amount of stress in the deposited films. Apart from this, additional stresses are also generated leading to magnetic anisotropy. 16, 17 It was also observed that the thermal stability of Fe-N compounds is rather poor due to weak Fe-N bonding. This results in deterioration of interesting magnetic properties. To overcome this issue, doping or addition of a small amount of third element ($3-5 at. %) such as X ¼ Al, Ti, and Zr was prescribed in the literature, leading to an improvement in the thermal stability. The proposed underlying mechanism suggests an enhancement in the local activation energy of Fe and N self-diffusion. However, direct diffusion measurements are not yet available on these compounds.
Among various additives Zr, Ta, Ti, and Al have been most popular. 14, 15, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] Although they show some degree of structural stability, only very few attempts have been made to study the magnetic stability which is deterministic for magnetic applications. Moreover, the choice of additives looks rather arbitrary. The key parameters resulting in enhanced thermal stability are (i) heat of formation (DH) for X-N, (ii) the affinity (f) of X for N as compared to Fe. The values of DH for ZrN, TaN, TiN, and AlN are À360, À237, À338, and À321 (in kJ mol À1 ) at room temperature, respectively. [28] [29] [30] The value affinity f with respect to Fe have been determined by Evans and Pehkle and their values for Zr, Ta, Ti, and Al are À0.63, À0.032, À0.53, and À0.028, respectively. 31 A lower value of DH and f indicates ease of nitride formation and higher affinity. Clearly, Zr looks like a perfect choice as an additive in the Fe-N system.
A mechanism leading to thermal stability with additives was proposed by Das et al. 15 It was found that when additives are added in a small amount (<5 at. %), they dissolve substitutionally into the bcc lattice with no substantial effect on the structure or magnetic properties of Fe-N. By substitutionally dissolving within bcc Fe lattice, additives with a larger atomic size than Fe may cause an expansion in the lattice resulting in more space available for N atoms. This suggests that the atomic size of additives may also play a key role in determining thermal stability. Among mostly used additives while Zr has the largest atomic radius (206 pm, 24% larger than Fe), Al has the smallest (118 pm, 24% smaller than Fe). 32 On the basis of values of f and atomic size, Zr and Al looks like two extremes though their DH is almost comparable. Therefore, it would be interesting to compare how addition of Zr and Al affects thermal stability in Fe-N. We therefore added about 3 at. % of Al in Fe-N. As shown later with our X-ray diffraction (XRD) results, it causes a lattice expansion of about 0.65% in the bcc Fe lattice. In order to get about similar lattice expansion with Zr much smaller amount of Zr is required as its atomic size is about twice of Al. 33 Therefore, we added 3.1 at. % of Al and 1.6 at. % of Zr in Fe-N thin films to get nearly similar expansion in Fe lattice. The role of Fe diffusion on the thermal stability of samples was investigated using various characterization techniques. Finally, a correlation between Fe self-diffusion on enhancing the thermal stability in Fe-X-N thin film is discussed from the obtained results.
II. EXPERIMENTAL
Fe-X-N thin films were deposited using ion beam sputtering of pure Fe, and composite [FeþAl] and [FeþZr] targets. An ion beam of energy 1000 eV, current 30 mA was produced using an RF ion source with a mixture of argon and nitrogen gases flowing at different partial pressures. Total gas flow was kept constant at 4 sccm and nitrogen partial pressure, R N 2 ¼ P N 2 =ðP N 2 þ P Ar Þ Â 100%, was varied at 0%, 12.5%, 25%, and 50%. The ion beam was neutralized using electrons generated by an RF neutralizer with argon gas flowing at 5 sccm. A base pressure of 2 Â 10 À6 Pa was achieved prior to the deposition, the pressure during deposition was 5 Â 10 À2 Pa. To remove contamination of other adsorbed gases, the deposition chamber was pressurized and evacuated repeatedly (3-4 times) with Ar gas. To minimize the surface contamination, the targets were pre-sputtered for about 10 min. To study the self-diffusion of Fe with neutrons, special isotope multilayer samples of type [Fe-X-N (6 nm)/ Fe-X composite targets were alternatively sputtered. Overall thickness of all the samples was about 120 nm.
Secondary ion/neutral mass spectroscopy (SIMS/ SNMS) measurements were carried out to determine nitrogen/additive concentration using the Hiden Analytical SIMS workstation. The SIMS measurements were performed using an O þ 2 ion beam of energy 5 keV and current 400 nA while for the SNMS measurements an Ar þ ion beam of energy 5 keV and current 500 nA was used. With a base pressure of 5 Â 10 À8 Pa, the pressure during the SIMS/SNMS measurements was about 8 Â 10 À6 Pa. XRD was used to analyze the structure of the deposited samples using a standard x-ray diffractometer (Bruker D8 Advance) equipped with Cu k-a x-rays source operating in h À 2h geometry. The XRD measurements were performed on the as-deposited and the annealed samples. Thermal annealing of the samples was done in a vacuum furnace with a base pressure of about 1 Â 10 À5 Pa. The samples were annealed for 1 h at each temperature. In order to avoid any thermal gradient, all samples of a type were annealed simultaneously at a particular temperature.
Magnetic anisotropy measurements in the samples were carried out using Quantum Design Inc. make superconducting quantum interference device-vibrating sample magnetometer (S-VSM), conversion electron M€ ossbauer spectroscopy (CEMS), and magneto optic Kerr effect (MOKE) setups. The CEMS measurements were carried out using a 57 Co source embedded in Rh matrix, the conversion electrons were detected in a proportional counter having a mixture of helium and methane (5%) gas. After confirming perpendicular magnetic anisotropy (PMA) in the samples, detailed thermal stability of the PMA was done in a specialized in-situ MOKE system. As MOKE is a surface sensitive technique, in-situ annealing in a pressure of about 2 Â 10
À8
Pa reduces the probability of formation of a surface oxide layer.
Self-diffusion measurements of iron were carried out using polarized neutron reflectivity (PNR) at AMOR SINQ/PSI, Switzerland. 34 The measurements were performed at a fixed angle of incidence in the time-of-flight mode. A magnetic field of strength about 0.5 T was applied to saturate the samples magnetically. The reflectivity of the samples was measured in the as-deposited state and after annealing them at different temperatures. Here also samples of a particular type were annealed together to reduce any temperature variations.
III. RESULTS AND DISCUSSION
A. SIMS and SNMS measurements SIMS measurements were carried out to obtained nitrogen concentration in the samples. An iron mononitride thin film sample with a known nitrogen concentration of about 50 at. % was used as a reference, 35, 36 and atomic percentage was obtained, as shown in Fig. 1(a) . It was found that R N 2 ¼ 12:5%, 25%, and 50%, correlates in at. % as 2.7%, 5.5%, and 11%. Typical error bars are about 1.5 at. %. As can be seen with the addition of Al or Zr, within the experimental accuracy, nitrogen concentration remains almost similar. Moreover, Al and Zr composition in the samples was obtained using SNMS as shown in Fig. 1(b) . The composition of Al(3.1 at. %) and Zr(1.6 at. %) was quantified following the process discussed in Refs. 33 and 37. For structural, magnetic, and diffusion measurements samples with 11 at. % N were studied and they are denoted as Fe-N, Fe-Al-N, and Fe-Zr-N.
B. Structural stability of Fe-X-N thin films
It is well-known that when iron is sputtered in the presence of nitrogen, nitrogen atoms tend to occupy interstitial sites within the bcc-Fe lattice, this results in tetragonal distortion (stress) of the bcc structure which induces magnetic anisotropy in the sample. The maximum amount of nitrogen that can be incorporated at the interstitial sites in bcc-Fe is about 11 at. %, a value exceeding this results in the formation of various other Fe-N compounds. 38, 39 A systematic evolution of Fe-N phases can simply be obtained by varying the nitrogen partial pressure starting with zero to a desired value. As studied in great detailed by many co-workers, 40 -52 the evolution of Fe-N phases (Fe-N phase diagram 38 ) with increasing nitrogen content can be summarized as:
In the present work, we deposited a series of Fe-N thin films by varying the nitrogen partial pressure. XRD patterns of the resulting films are shown in Fig. 2 . We did XRD scans in 2h range from 30 to 90 and observed a peak corresponding to (110) plane of bcc a-Fe. Other peaks corresponding to this phase are too small to be measured experimentally and therefore XRD patterns are shown for 2h range from 35 to 55 for better comparison. As nitrogen concentration in the sample increases this peak becomes broader and shift continuously towards lower angle. This is a typical behavior observed in this system, which clearly indicates the incorporation of nitrogen into the interstitial sites of bcc-Fe. We also increased the N at. % to about 20%, and in this case mixed a-Fe and e À Fe 3-y N (0 y 1) phases are formed as expected (not shown in Fig. 2) . Additionally, it was observed that with an increase in N at. %, the average grain size (calculated using Scherrer formula 53 ) decreases continuously. Inter-atomic spacing in a disordered nanocrystalline system was generally calculated using following expression, a ¼ 1:23k=2 sin h, where k is x-ray wavelength, h is the angle at the center of the peak, and 1.23 is a geometric factor which rationalizes the nearest neighbor distance with the spacing between "pseudo-close packed planes," 54 it was observed that it increases almost linearly in Fe-N samples. With the addition of Al or Zr, this behavior remains almost identical. However for 11 at. % N samples (which are studied in detail), the value of a is significantly smaller for Al doped sample as compared to undoped or Zr doped samples. An increase in the value of a with increasing N at. % is also a measure of stress generated by interstitial incorporation of nitrogen in the system. Since for 11 at. % N, a is maximized and therefore these samples are expected to show maximum magnetic anisotropy, we therefore have chosen these samples to investigate their structural and magnetic stability. continuous shift in the peak position towards higher angle indicating stresses relaxation. 16 The sample prepared without additives starts showing peaks corresponding to c 0 -Fe 4 N phase above 423 K and this phase grows further as annealing temperature is increased. On the other hand addition of Zr indeed causes some stability in the structure but faint peaks corresponding to e À Fe 3-y N phase become visible above 498 K. Whereas in the Al added sample no such change in the structure was observed even after annealing at 623 K.
From the XRD patterns grain size at various annealing temperatures was calculated using the most intense peak. Fig. 3(d) shows the obtained grain size for Fe-N, Fe-Al-N, and Fe-Zr-N samples at various annealing temperatures. It can be seen that, in the Fe-N sample there is a sudden growth in the grain size above 498 K and it continues to grow further with annealing. However in Al or Zr added samples no such sudden grain growth can be seen. The modified phase transformation for Zr added sample correlates well with the previous studies on Fe-X-N thin films. 30, 33, 55 On the basis of the above observations, it can deduce that while Al addition leads to the great enhancement in the thermal stability of iron nitride films, Zr addition seems to be not so effective. To further investigate the role of Al addition on stability of PMA, we did in-situ MOKE measurements on the Fe-N and Fe-Al-N samples which are presented and discussed in Sec. III D.
C. Perpendicular magnetic anisotropy in Fe-X-N thin films
Nanocrystalline Fe-N thin films are known to exhibit PMA 16, 20 when few at. % of nitrogen is added to Fe. However, since the thermal stability of Fe-N films is poor, the addition of a third element is required as discussed in Sec. I. To study the effect of Al or Zr addition on the PMA, we performed S-VSM, MOKE and CEMS measurements. Fig. 4(a) shows M-H loops obtained using S-VSM, and Fig. 4(b) shows Kerr's hysteresis loops obtained using MOKE for the as-deposited Fe-X-N thin films. A typical "transcritical" shape of the loops suggests that all the films exhibit PMA. 16, 20, 56 From the S-VSM data, saturation magnetization (M S ), coercivity (H C ), and a ratio of remanent magnetization over saturation magnetization (1-M R =M S ) which is a measure of PMA in the system were obtained and are tabulated in Table I . It can be seen from the table that M S for Fe-N films get reduced with the addition of non-magnetic additives like Al or Zr, besides the magnitude of H C is somewhat less for Al added samples. Along with this, PMA in the film also get somewhat reduced with Al addition. Similar information is obtained from the MOKE measurements. Since PMA in such films primarily originates due to magneto elastic anisotropy 57, 58 which in turn depends on stresses caused during the deposition itself, additionally, internal stress gets generated by interstitial incorporation of nitrogen. With the addition of Al it seems that stresses in the deposited film get affected.
M€ ossbauer spectroscopy is a versatile technique to probe local structure around the resonant nuclei, in addition, the intensity of second and third M€ ossbauer line can be used to probe magnetic texture in samples. To further confirm the observed PMA from our S-VSM and MOKE measurements, we have performed CEMS measurements on the asdeposited samples. Fig. 5 shows the CEMS spectra of Fe-N, Fe-Al-N, and Fe-Zr-N samples(left) and their corresponding hyperfine field distribution(right) obtained after fitting the CEMS pattern using a computer based software (NORMOS). 59 It can be clearly seen that all the samples show a broad hyperfine field distribution which may be arise due to random ordering of nitrogen surrounding iron atoms. 16, 17 Additionally, to obtained information on the spin texture the area ratio of second and third line can be used, which gives an angle(/) between the average direction of spins with the incident c ray direction. 60 For the in-plane orientation of spins, / ¼ 908 and for the complete out-of-plane spins orientation / ¼ 08. In our case we find that the values of / ¼ 468 (for Fe-N), 508 (for Fe-Al-N), and 468 (for Fe-Zr-N). The observed results correlate well with the S-VSM and MOKE measurements, which suggests that the PMA is slightly reduced with Al addition.
D. In-situ MOKE investigation for magnetic stability
From our S-VSM, MOKE, and CEMS measurements, it is clear that as-deposited samples exhibit PMA. Additionally, the XRD measurements reveal that the thermal stability of iron nitride films gets significantly enhanced with Al addition. Although, the structural stability of Fe-N thin films with additives has been studied in detail, it would be interesting to see the effect of additives on the stability of PMA. As such it is possible to do S-VSM or CEMS measurements on ex-situ annealed samples, in this study we have performed in-situ MOKE measurements by heating the samples, maintaining a pressure of the order of 2 Â 10 À8 Pa, which reduces the probability of formation of an oxide layer at the surface. Figs. 6(a) and 6(b) show MOKE patterns of FeN and Fe-Al-N samples taken at various temperatures. It can be seen that in the Al added sample there is almost no effect on Kerr hysteresis loops with increasing temperature, whereas in Fe-N sample loops have become square when annealed at or above 453 K. The PMA (1-M R =M S ) obtained from the measured Kerr's loops are plotted in Fig. 6(c) , error bar in the figure represents statistical errors in the measurement. Here, it can be seen that with Al addition PMA in the film gets significantly stabilized, whereas in Fe-N samples there is a sudden decrease in PMA after 453 K which correlates well with the XRD results where sudden grain growth was observed above this temperature.
E. Diffusion measurements using NR
From our structural and magnetic measurements, we find that the Al addition in Fe-N results in a remarkable improvement in the structural and magnetic properties. It has been believed that enhancement in thermal stability with additives is due to suppression of atomic diffusion.
14 However, actual self-diffusion measurements with additives have not yet been performed. It is well-known that neutron reflectivity is a very precise technique to measure self-diffusion using isotopic multilayer down to 10 À25 m 2 =s. 36,41,61-63 We therefore have measured iron self-diffusion using neutron reflectivity. Since the neutron scattering length of natural Fe (9.45 fm) and 57 Fe (2.3 fm) are different, a Bragg's peak is expected to appear in the neutron reflectivity pattern corresponding to bilayer thickness. Moreover, since our samples are magnetic, we have performed PNR measurements in an applied magnetic field 0.5 T, sufficient to saturate magnetically. In this way information about both the self-diffusion process and the magnetic structure samples can be obtained simultaneously. 64 Fig . 7 shows the spin up reflectivity of as-deposited samples.
From the splitting of spin-up and spin-down reflectivity average magnetic moment(l B ) per Fe atom can be calculated, 65 it was found that for Fe-N, Fe-Al-N, and Fe-Zr-N thin films value of magnetic moment are 1.8 l B , 1.65 l B , and 1.7 l B , respectively. These values are in close agreement with the value of saturation magnetization obtained from S-VSM measurements. Inset of Fig. 7 shows spin-up and spin-down PNR patterns of the annealed Fe-N sample, here to comply with measurement time spin-down reflectivity was taken around critical angle region only. As can be seen that with annealing temperatures there is no significant change in magnetic moment although large changes were observed in XRD and MOKE measurements suggest that annealing has no major effect on the total average magnetic moment of the samples. . It can be seen that as diffusion takes place, the intensity at Bragg peak decays, which can be used to calculate the diffusion coefficient of Fe using the following expression: [66] [67] [68] 
where (D R ) is the diffusion coefficient, I(0) is the intensity of the first order Bragg peak at time t ¼ 0 (before annealing), and d is the bilayer thickness. Using Eq.
(1) diffusivity of Fe with annealing was calculated and plotted in Fig. 8(d) .
According to the observed behaviour of Fe diffusion in Fe-N thin film, we can divide the range of annealing temperatures into three distinct regions. In region I (373 K-423 K), we find that Fe diffusion is almost negligible. In region II (473 K-523 K), there is a sudden jump in Fe diffusion and in region III (above 523 K), diffusivity increases further though not as steep as in the region II but faster than the region I. A combined picture of diffusion, structural, and magnetic thermal stability can be seen in Figs. 9(a) and 9(b) for Fe-N and Fe-Al-N samples, respectively. Since in the region I, Fe diffusion is negligible, grain size, and PMA does not change as well. In the region II, a sudden jump in Fe diffusivity correlates to a sudden increase in the grain size and loss in the PMA. Therefore, apparently it looks that Fe diffusion is the key to control the structural and magnetic stability. By adding Al or Zr, we find that the sudden increase in diffusion can be avoided and therefore thermally stable region can be extended as shown in Fig. 9(b) . Suppression of atomic diffusion of Fe in presence of Al or Zr can be explained in terms of their low heat of formation (À321 and À360 kJ mol À1 for AlN and ZrN, respectively, as compared to À10 kJ mol À1 for magnetic Fe-N) and high affinity of Al and Zr for N as compared to Fe. Generally when such additive is added in iron nitride films it may either get dissolved substitutionally within Fe lattice or get accommodated into the grain boundary regions. With low DH and high affinity of X for N, N may preferentially interact with X resulting in formation of X-N compound. These X-N compounds may act as a diffusion barrier for Fe, impeding its diffusion. 69 The formation of X-N compounds in Fe-X-N thin films has been observed in several reports. [70] [71] [72] Our results therefore confirm that the additives have a significant effect on suppressing atomic diffusion of Fe which leads to improve the thermal stability of iron nitride films. Nevertheless, the discrepancy between the phase transformation behaviour of iron nitride films for Al or Zr added samples cannot be understood by Fe diffusion behaviour alone, and it seems that the knowledge of N self-diffusion in the presence of X is indispensable to understand the complete mechanism of thermal stability in these compounds.
IV. CONCLUSION
In conclusion, Fe-X-N thin films exhibiting PMA were systematically studied using various characterizing techniques. The role of X on thermal stability of Fe-X-N thin films was investigated. XRD and in-situ MOKE measurements reveal that structural and magnetic properties of the films get remarkably improved with Al addition, however Zr addition has only a marginal effect on the thermal stability of Fe-X-N thin films. Fe self-diffusion measurements were carried out using PNR at various annealing temperatures. It was observed that Fe diffusion gets remarkably suppressed with additives. On correlating Fe self-diffusivity with the variation of grain size and PMA it was found that Fe selfdiffusion has a significant effect on the thermal stability of Fe-X-N thin films. For pure Fe-N films structural and magnetic instability was driven by Fe diffusion, whereas for Al added samples due to the suppression of atomic diffusion of Fe thermal stability of the films gets significantly improved. It seems that grain boundary precipitate in the form of X-N have a significant effect on the observed behaviour.
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